ABSTRACT The effects of bait treatment(s) on population dynamics of Solenopsis invicta and Dorymyrmex flavus were studied, and various factors underlying the resurgence and persistence of D. flavus to reinvasion by S. invicta were studied in more detail. Pitfall traps, bait vials, transect sampling, and direct inspections were used to monitor densities of these two species, and inspections of D. flavus midden contents, video monitoring of D. flavus colonies, and studies of the fate of marked S. invicta were used to further clarify interactions of these two species, D. flavus abundance increased after the reduction of S. invicta with baits. D. flavus was also observed to sustain higher densities for an extended period (2 yr) after cessation of bait treatment and to exhibit antagonistic behaviors toward S. invicta, showing an ability to resist reinvasion of the treated area by S. invicta. Given these Þndings, D. flavus may retard domination of the ant assemblage by S. invicta. Additional studies are justiÞed regarding how to enhance the role of this species in affected ecosystems.
Dorymyrmex flavus
McCook is a common species found in the southern United States that constructs nests in the soil, which are surmounted by crater-like mounds of soil. These nests typically consist of Ϸ1,000 workers and a single queen and are usually found in open and sunny areas (Smith 1972) . Workers are monomorphic and predaceous general foragers. They are active, aggressive, and have a strong chemical defense, emitting a ßuid with a characteristic odor (rancid butter) that is exhibited as well in many other species in the Dolichoderinae subfamily (OÕRourke 1950) . The red imported Þre ant, Solenopsis invicta Buren, is an aggressive and generalist species that construct dome-shaped nests with a multiplicity of entrance holes; nests typically contain Ϸ240,000 polymorphic workers and colonies may have single or multiple queens (Vinson and Sorenson 1986) . The introduction and spread of S. invicta in the United States has been accompanied by the reduction in density of many native ant fauna, including D. flavus; S. invicta predominates primarily through exploitative and interference competition (Camilo and Phillips 1990 , Porter and Savignano 1990 , Jusino-Atresino and Phillips 1994 , Wojcik 1994 , Wojcik et al. 2001 .
Field manipulative experiments reporting the interactions between native ants and S. invicta are few despite an increasing interest in investigating the effects of S. invicta on native fauna and the effects of different management approaches on native arthropod assemblages. In relation to D. flavus, no extensive studies are found reporting the interactions of these two species. Only a few Þeld reports have documented some interactions between a closely related species, Dorymyrmex (Conomyrma) insanus and the invasive S. invicta. These studies, conducted by Whitcomb et al. (1974) and Nickerson et al. (1975) , observed D. insanus attacking newly mated queens and males of S. invicta. Hung (1974) observed large numbers of S. invicta remains in D. insanus middens but did not elaborate further. Calixto et al. (2007) showed in a pilot study that D. flavus had the greatest increase and S. invicta the greatest decrease in density among ant fauna examined after application of Þre ant bait containing the insect growth regulator (IGR) methoprene (Extinguish; Wellmark, Inc., Schaumburg, IL). Other ant species also increased in this Þeld study. Calixto et al. (2007) hypothesized that, initially, S. invicta colony and individual densities are sufÞciently high to suppress directly and to outcompete other ant species for resources including poison baits. This results in S. invicta discovering and removing broadcast bait so quickly that other ants, even if they would have been adversely affected by foraging on the bait, were prevented from doing so by the abundant and aggressive S. invicta. After reduction of this species because of their foraging on the poison bait, the other ant species in the assemblage are largely released from competition with S. invicta. We report here (1) the effect of bait treatment on D. flavus; (2) factors affecting coexistence of D. flavus and S. invicta before, during, and after the Þre ant bait application; and (3) an-tagonistic behaviors of D. flavus toward S. invicta that may slow reinvasion of the latter after treating with baits. Analysis of Middens. Dorymyrmex flavus middens (refuse piles) were collected in the bait-treated areas from 10 nests on 31 July 2002. A grid of 64 by 64 m was constructed for those areas using ArcMap 8.3 (ESRI) using 1 by 1-m grid blocks, cells were numbered, and locations (10) were selected at random using a random number generator. The nests were measured, marked, and georeferenced using a GPS (Trimble Geo Explorer XT with submeter accuracy, Sunnyvale, CA). Entire middens were collected without otherwise disturbing the colony, returned to the laboratory, and analyzed. Each midden was inspected for ant remains (complete body, head, abdomen, thorax, thorax ϩ abdomen, and head ϩ thorax), and these were identiÞed to genus and species when possible. A week later, on 8 August 2002, middens that had accumulated in the interim were collected from the same nests and processed as before.
Materials and Methods

Study
Analysis of D. flavus Behavior. Four video cameras (Sony Digital Handycam MicroMV DCR-IP5; Sony, Tokyo, Japan) were located above four D. flavus nests to record their behavior; the Þeld of view was Ϸ15 by 15 cm. Each nest was located 1 m from an active S. invicta nest. Recording sessions began at 1300 hours and ended at 1500 hours after determination that D. flavus was more active during those hours. Videos were recorded for 20 min interspersed with 10-min intervals to obtain 4 sessions/d on 4, 14, 18, 19, 22, and 25 September and 15 October 2003. Tapes were reviewed, and two behaviors were quantiÞed: (1) the frequency of D. flavus bringing S. invicta into the nest and (2) D. flavus removing S. invicta from the nest. Notes on other behaviors were also taken.
Analysis of Middens with Marked S. invicta. Five S. invicta colonies were selected at random within IGR treated plots in 2003. Colonies were approximately the same size. Each of the mounds was assigned a color; colonies were disturbed, and emerging ants were sprayed with paint to mark as many ants as possible (Bhatkar et al. 1991 , Wojcik et al. 2000 . Colonies were left for 48 h, and all D. flavus nests within 1.5 m surrounding each S. invicta colony were located, and D. flavus middens collected. Samples were returned to the laboratory and inspected for ants, recording marked and unmarked S. invicta and other remains. Dorymyrmex flavus Nest Density After S. invicta Reinvasion. A GPS unit (Trimble Geo Explorer XT with submeter accuracy) was used to survey and map all S. invicta and D. flavus colonies in IGR and untreated plots on 4, 14, and 18 September 2003. The size of the area sampled was 0.4856 ha inside of each IGR and untreated plot. Distribution and numbers of colonies of each species were determined, as well as their location with respect to each other using the software ArcGIS 8.0 (ESRI).
Data Analysis. Pitfall traps, baited vials, and colony count samples obtained within a single experimental plot on a given date were averaged over the multiple subsamples. The data were analyzed using repeated measures analysis of variance (ANOVA; type III sum of squares), with treatment and sampling day as Þxed factors and plot as the random factor; pretreatment data were used as a covariate in the analyses. Separate analyses were done for both species for each sampling technique per year. Data obtained from colony surveys (actual counts) and geo-referenced within experimental plots were analyzed and compared by day and treatment for each species by using a MannÐ Whitney U test. Values were signiÞcantly different when P Ͻ 0.05. The program SPSS 13 (SPPS, Chicago, IL) was used for these analyses.
Results
Complementary sampling techniques (pitfall traps, baited vials, and colony counts) showed no signiÞcant differences in S. invicta density (ants per plot) before treatment. S. invicta was reduced in 2000 and 2001 after bait application (F 1,30 ϭ 4.829; P ϭ 0.038 and F 1,47 ϭ 12.788; P ϭ 0.0004, respectively). In 2002, with no bait application, density of S. invicta returned to pretreatment levels (F 1,19 ϭ 0.915; P ϭ 0.339; Fig. 1 (Fig. 1) .
Analysis of Middens. Careful inspection of D. flavus middens showed that Ͼ98% of identiÞable ant remains found consisted of S. invicta (6,780 remains), with the remainder consisting of D. flavus, Monomorium minimum (Buckley), Pheidole sp., Paratrechina terricola (Buckley), and Pogonomyrmex barbatus (Smith) (Table 1). Accumulation of 1,979 S. invicta remains occurred during the 8-d sampling interval (Table 1) . Intact bodies were most abundant in the initial census, and the remains varied little in the follow-up census (Table 2) ; Table 2 characterizes the degree of disarticulation using S. invicta data presented in Table 1 . All D. flavus middens contained S. invicta remains, showing that the interaction leading to deposition of S. (Fig. 2A) . The in and out transport of the S. invicta varied through time, but the ratio of these two behaviors remained consistent, with more ants (whole body) carried into nests than were removed. Aggressive behaviors from D. flavus toward S. invicta were recorded twice, when S. invicta workers entered the D. flavus nest and were attacked, repelled out of the nest, and forcibly carried into the nest. The D. flavusÐS. invicta interaction documented here indicates that D. flavus transports S. invicta into the nest at a rate of three to Þve times that of S. invicta being exported to the midden. These results indicate the S. invicta densities found on the midden (discussed above) are a gross underestimation of the degree of interaction taking place.
Analysis of Middens with Marked S. invicta. Dorymyrmex flavus middens were found to contain dead, marked, and unmarked S. invicta from every experimental area 48 h after marking (Fig. 2B) . The appearance of S. invicta in D. flavus middens within 48 h in every midden surveyed shows D. flavus is actively provisioning their midden with S. invicta that may have died during interactions with D. flavus. The dead marked S. invicta represented Ϸ10% of the total S. invicta found in each D. flavus midden. This indicates rates of interaction can be examined using capturerecapture methods that would further quantify the rate and degree of interaction. Dorymyrmex flavus Nest Density After S. invicta Reinvasion. IGR treated and untreated plots were inspected during the Þrst 2 wk of September 2003, 2 yr after the last IGR treatment was applied on 21 June 2001. S. invicta was abundant in both plot types, and mound densities were not signiÞcantly different (Z ϭ Ϫ0.289, P ϭ 0.773). D. flavus was abundant in the previously treated IGR plots and colony densities were signiÞcantly greater compared with the untreated (Z ϭ Ϫ2.366; P ϭ 0.018; Fig. 2C ).
Discussion
Before the initial bait treatment, S. invicta foragers outnumbered D. flavus foragers by at least two orders of magnitude (S. invicta colony density Ϸ4 times that of D. flavus, ants/colony of S. invicta are Ϸ100 time that of D. flavus, and 30% of S. invicta workers are foraging at any particular time); this massive differential predisposed S. invicta to access most if not all of the broadcast poison bait, whether or not D. flavus would have foraged on it. The subsequent reduction in S. invicta density allowed D. flavus initially to increase in density and to sustain that density as S. invicta reinvaded the treated area. S. invicta remains found on D. flavus middens, and the frequent observations of D. flavus carrying remains of this species may be caused by actively defending their territory. Usually, D. flavus, with larger workers compared with the smaller workers of small colonies of S. invicta, are expected to withstand the reinvasion. These Þeld observations are supported by Þndings by Warriner (1998) , who observed an attack of workers of D. flavus on a small S. invicta colony under laboratory conditions; he reported that D. flavus was able to raid the small colony and to disarticulate workers in the process. Hung (1974) recovered large amounts of S. invicta on a single midden of a related species, D. insana species. Whitcomb et al. (1974) reported that D. insana and other predacious species exert a signiÞcant impact on S. invicta female alates by attacking and killing them. Nickerson et al. (1975) studied further and reported D. insana detects S. invicta female alates and kills them; they found that Ͻ3% of alates survived, and concluded that this percentage was not large enough to guarantee establishment of new colonies. The Þndings in our study complement the information from earlier work indicating that D. flavus has biological and ecological features that make them a good competitor when densities of S. invicta are low and shows that they also persist at higher densities at least during initial stages of S. invicta reinvasion. King and Tschinkel (2006) concluded that the removal of S. invicta does not affect the species composition within the ant assemblage. Our Þndings show that D. flavus density increases when S. invicta density decreases, indicating that signiÞcant changes in the composition of the community structure are expected. King and Tschinkel (2006) and Tschinkel (2006) also argued that the application of baits favors the establishment and expansion of S. invicta. Our Þndings suggest this is not the case; to the contrary, other species within the assemblage are beneÞtted simply because they do not access the baits as fast as S. invicta and therefore escape exposure ant thrive as S. invicta density diminishes (Calixto et al. 2007 ).
These Þndings are relevant for the management of S. invicta and the restoration and conservation of native ant assemblages in Texas. Recent efforts by the USDA involve the use of biological control agents (i.e., parasitic phorid ßies, pathogens) combined with baits (Pereira 2003) for the control of this invasive species. Unfortunately little attention has been paid to the restoration and conservation of native ants that may compete with S. invicta the overall effect of all biological control agents. Conserving densities of native ants like D. flavus can aid biocontrol of S. invicta. InterspeciÞc competition by native ants would help to regulate and balance S. invicta densities in combination with other biological control agents (Holldobler and Wilson 1990, Morrison 2000) . Further study of D. flavus is warranted to determine (1) how D. flavus interferes directly with S. invicta reinvasion; (2), whether D. flavus disperses dead parasitized S. invicta, (3), whether dispersion and establishment of parasitic phorid ßies and pathogens are enhanced by D. flavus; and (4) how habitat modiÞcations might be conducted to further favor D. flavus (i.e., supplemental foods, choice of poison baits, and optimal conditions for retreatment).
